ransport accounts for nearly two-thirds of the global crude oil consumption and about a quarter of carbon dioxide (co 2 ) emissions (International Energy agency 2009, Intergovernmental panel on climate change 2014). the energy use and co 2 emissions in this sector are predicted to in crease 80% by 2050 (International Energy agency 2009). the major contributors of greenhouse effects are expected to be light-duty vehicles (43%), trucks (21%), aviation (20%), and shipping (8%) by 2050 (International Energy agency 2009). Buses and railways are already sustainable modes of transport. to mitigate the impact of the emissions on climate change, the Intergovernmental panel on climate change, which is the leading international body assessing climate change, recommends a reduction of at least 50% in global co 2 emissions by 2050 (International Energy agency 2009). this target cannot be met unless there is a deep cut in co 2 emissions from the transportation sector. on the other hand, independent of climate policy actions, the projections are that fossil fuel reserves will become exhausted within the next 50 years. If a more sustainable future is to be achieved, the issues of greenhouse emissions and energy security must be addressed. one long-term solution may well lie in both the adoption of current best technologies and in the development of more advanced technologies, in all sectors of transportation (International Energy agency 2009). a shift toward more efficient modes of transport, including the more electric aircraft (MEa), are not merely needed, but are required.
MEA
In conventional aircraft, engines generate power from fuel. the bulk of the power is used for propulsion; the remainder is transformed to hydraulic, pneumatic, mechanical, and electrical power to supply different loads in the aircraft (Wheeler and Bozhko 2014, Boglietti et al. 2009 ). pneumatic power is used for the environmental control system (Ecs) and wing anti-icing. Hydraulic energy is used to power flight controls and landing gears. Mechanical systems are driven by mechanical power through gearboxes. Electrical power is used for lighting, avionics, and commercial loads. Moving toward the MEa involves increasing the electrical power generation and distribution capability of the aircraft to supply most of the loads. this shift toward electricity rests on the development of power electronics (pE). It is this enabling technology that can contribute to high-efficiency improvements in the aircraft, based on distinctive features such as high power capability and controllability.
pE technology is paving the way toward the more electric engine and more electric loads in the aircraft. the engines of the MEa will be started with an inbuilt starter/generator instead of high-pressure air (Moir and seabridge 2011) . the vanes to control airflow to the engine central core will be driven by pE converters. pE will enable fuel pumps to run at their optimum speed in accordance with prevailing operating conditions (Moir and seabridge 2011) . this will significantly reduce wasted pumping energy. a large part of the aircraft loads, which run on pneumatic or hydraulic energy, will be controlled by pE converters, leading to further increase in efficiency (Moir and seabridge 2011) . these include Ecs and wing anti-icing. pressurization will be performed by electrically powered compressors. Most hydraulic and pneumatic actuators will be replaced by electromechanical actuators System Stability one key drawback to pE-driven loads is that they are prone to instability. as the aircraft electrical network becomes larger and more complex, the multitude of pE-based loads can challenge the stability of the electrical power system (Eps) (areerak et al. , Barruel et al. 2005 . this is because the loads interfaced through pE converters exhibit constant power load (cpL) behavior under fast controller actions (areerak et al. 2008 (areerak et al. , Jusoh 2004 . they are seen in the network as negative impedances (Jusoh 2004) . It is the negative impedance of the pE-based loads that may drive the system to instability. two important components in the MEa architecture are the dc/dc converter and the dc/ac converter. the cpL behavior of the loads interfaced with these two types of pE converters is presented in this article for illustration.
the dc/dc converter is commonly used to supply certain avionics dc loads (Moir and seabridge 2011) (figure 2). power system applications for the dc/dc converter require the output voltage vo to remain fairly constant despite perturbations in the input line voltage and step changes in load currents. this is achieved by having a compensator in the negative feedback loop of the converter, which automatically adjusts the duty cycle under various conditions of disturbances, to keep the output voltage vo constant and close to the reference voltage vref (Erickson and Maksimovic 2011). since the electrical load as well as the output voltage is constant in a steady-state condition, the power supplied to the load is constant. With the converter efficiency considered unvarying, the input po wer Pin drawn from the source is also constant.
another key component of the aircraft Eps is the dc/ac converter. It is employed to drive loads such as flight control actuators (Moir and seabridge 2011) . figure 3 depicts a system in which the controller regulates the speed wr of a permanent magnet (pM) machine such that it follows the reference speed wr ) (areerak 2009). since the speed wr as well as the torque T are constant at a given operating point, the power supplied to the load is constant. considering that the losses of the motor and converter are constant, the input power Pin drawn from the source is also constant.
the aforementioned examples of pE-driven loads exhibit cpL behavior. under infinitely fast controller actions, they can mathematically be represented as a voltage controllable current source, as shown in figure 4. at any given operating point, the input voltage and input current to the converter system may be represented by dc values ( , ), V I figure 5 . the ideal cpL can be represented by a linearized model about a given operating point and is given by the negative impedance Rcpl -connected in parallel with a current source , Icpl as depicted by figure 6. at any arbitrary operating point, shown as Eqo in figure 5 , the system currents and voltages (s. sumsurooah 2017) .
the negative impedance of the pEbased loads, under certain circumstances, may cause the system to oscillate and become unstable (Middlebrook 1976) . stability assessment is thus crucial in the design of pE systems. the system stability has to be analyzed both at the small-and large-signal level. small-signal analysis investigates the stability of an Eps when it is subject to small disturbances (Jusoh 2004 , areerak 2009 , riccobono and santi 2014 , Emadi et al. 2006 . the analysis is performed on a linearized system model about a certain operating point (Jusoh 2004 , areerak 2009 , riccobono and santi 2014 , Emadi et al. 2006 . In contrast, large-signal stability analysis investigates the system's behavior under large disturbances, including sudden large changes in loads (che et al. 2015 , Griffo and Wang 2012 , rosado et al. 2007 ). although stability assessment of large-signal disturbances is important, this article discusses small-signal stability analysis, which is an important concern in the reliable operation of the system. as pE play a key role in developing more sustainable modes of transport, there is a dire need to address the issue of stability. stringent assessment techniques are required to ensure the stability of the electrical network for the MEa. the stability of the pM machine drive (pMMD) ac/dc system and the dc/dc buck converter system, being important components of the MEa, will be discussed in the "pMMD system" and the "Buck convertor system" sections, respectively, while the stability of a representative Eps with an ideal cpL will be assessed in the "cpL" section.
Stability Robustness
the stability of Eps is generally assessed by using classical stability analysis techniques (franklin et al. 1994, Dorf and Bishop 1998) . these include the eigenvalue method and impedance methods based on the nyquist stability criterion. an Eps can be viewed as a cascade of its source and load components (riccobono and santi 2014 , rahimi and Emadi 2009 , sudhoff and Wasynczuk 1993 . as illustrated in figure 4, Zo and Zi are the output and input impedances of the source and load subsystems, respectively. the impedance ratio of Zo to ,
Zi is known as the minor loop gain . T according to the nyquist stability criterion, for the system to be stable, T 1 + must not have any roots in the right half-plane (Middlebrook 1976, riccobono and santi 2014) . the more-than-necessary condition of the Middlebrook criterion, which is an extension of the aforementioned formal requirement of the nyquist stability criterion, requires
% for all frequencies to ensure system stability (Middlebrook 1976 , Wildrick et al. 1995 .
the classical methods treat the physical system as a nominal model with fixed parameter values (franklin et al. 1994, Dorf and Bishop 1998) . the outcome of the stability assessment is therefore heavily dependent on the quality of the system model. the model may be refined to great detail by matching its response to that of the physical system. Yet in practice, excessive model refinement is unlikely to be viable or practical. further, the exact values of the system components may not be known accurately. for instance, system parasitic elements, which are often hard to quantify, can have a significant influence on the quality of the model. the power supply and external filters, to be connected on site, may be unknown at the design stage. this may significantly alter the impedance of the power stage. In addition, Eps may be exposed to large variations in their
" loads. thus, it can be safely argued that, in practice, nominal system models are bound to contain uncertainties. from another perspective, even though a nominal model is deemed to be accurate, it may not truly represent the actual system, which is generally subject to various operating condition uncertainties. for instance, in aerospace applications, pE-based systems may be exposed to temperatures ranging from -40 °c to 125 °c (sollecito and swann 1960) . these large variations in temperature may have considerable effect on the properties of system components. aging is another factor that brings uncertainty to the system elements over time. although an Eps is assessed as stable based on fixed parameters and conditions, it is questionable whether it continues to be stable in the face of all of the aforementioned possible types of uncertainties.
Even though exact values of system components, system loads, or operating conditions may not be known accurately, their range of variation can generally be estimated to good accuracy. for instance, the tolerance of most components can be obtained from data sheets. the variation of resistances can be computed from the range of change in operating temperatures. uncertainty sets of power supply and filter impedances may be obtained based on possible make and type. Given that uncertainties seem to be inherent in Eps, it may be more natural to work around uncertain system models. In contrast with nominal models, uncertain models define both the nominal values and the possible range of variation of their parameters. the uncertain model is thus closer to the physical system. While classical methods are applied for stability analysis of nominal system models, a robust approach is needed for the stability assessment of uncertain system models. the structural singular value (ssV)-based n approach is a robust stability method that incorporates all sources of uncertainties within the system (Doyle 1982 , Doyle et al. 1992 , Green and Limebeer 2012 , skogestad and postlethwaite 2005 .
It can be argued that uncertainties can be incorporated when using classical methods. However, applying single-input, single-output methods to multiple-input, multiple-output systems may not produce reliable results, as reported in a number of studies (Kuhn et al. 2007 , Young et al. 1991 .
the n approach is a deterministic method that can provide a direct measure of stability robustness to a system with respect to its uncertain elements. the robust stability measure n should be less than 1 for a system to be robustly stable (skogestad and postlethwaite 2005, Zhou et al. 1996) . the n method is founded on the concept of the uncertain system model. Hence, by working directly on an uncertain model, n analysis eliminates the burden of performing exhaustive parameter iterations and system linearization (sumsurooah et al. 2016, sudhoff et al. 2000) . the n approach has proven to produce reliable results in the robust stability analysis of power systems subject to multiple simultaneous uncertainties (Doyle 1982 , skogestad and postlethwaite 2005 , Young et al. 1991 , Zhou et al. 1996 , ferreres 1999 .
It is therefore evident that there is a need to ensure that an Eps is not only stable but robustly stable, i.e., it must remain stable in the face of all system uncertainties. this is especially important for safety-critical applications.
CPL
robust stability domains can be viewed as subsets of the much wider stability domains in the multidimensional parametric space. to illustrate the concept of stability robustness, the n tool is employed to identify the robust stability domains of the representative Eps connected to an ideal cpL, as shown in figure 6, when it is subject to single and multiple parametric uncertainties. In this section, the n results, which are generated in the frequency domain, have been translated to the more perceivable uncertain parameters domain to better illustrate the concept of robust stability domains.
the first study in this section evaluates the robust stability of the analyzed system when it is exposed to a single parametric uncertainty. the input power respectively. n analysis of the uncertain system yields the n chart in figure 7 , from which it can be seen that the peak values of the lower bound -n and the upper bound n r are equal to 3.02 (s. sumsurooah 2017). the critical destabilizing frequency is 720 Hz, which corresponds to the resonant frequency of the inductor-capacitor (Lc) filter. from the n value, the critical destabilizing value of the input power # as the uncertain parameter Pin appears three times in the state space system model. n analysis identifies the smallest disturbance matrix that can destabilize the system. the normalized uncertain parameter in P d in the critical uncertainty matrix D is equal to . . 0 331 + for the single parametric uncertainty, the n tool has identified the largest line segment of coordinate size / . 1 0331 n = centered about the nominal point, within which the system is guaranteed robustly stable, as illustrated in figure 8 . the given line segment corresponds to the robust uncertainty sets of . , . 9 3 11 5 W W 6 @ for the input power. provided that the system under investigation operates with an input power that lies within the aforementioned robust stability margin, the system is ensured to be robustly stable. the second case considers that the system under study is exposed to an additional parametric uncertainty, i.e., to the input capacitance uncertainty , Cin which is allowed to vary within %. F 95 10 ! n for this case study, the resulting n is equal to 4.03, and the robust stability margin is
In parametric space, for a system subject to two parametric uncertainties, the n tool identifies the largest square of coordinate size / , 1 n which is equal to 0.248 for this case study, centered about the nominal point within which the system can be guaranteed to be robustly stable, as illustrated in figure 9 . the square corresponds to the robust uncertainty sets [9.5 W, 11.3 W] and [92.6 , F n 97.4 F n ] for the input power and capacitance, respectively. It implies that if the analyzed system operates within the given boundary, the system is guaranteed robustly stable. a last case is presented in this section whereby in addition to uncertainties in the input power and the input filter capacitance, the input filter inductance Lin is also allowed to vary within % 10 ! of its nominal value of . mH 511 8
. for this three uncertain parameters system, the peak value of n is 4.974, and the corresponding robust stability margin / 1 n is 0.201 ( figure 10 ). When considering a system subject to three parametric uncertainties, n analysis identifies the largest cube within which system robust stability is guaranteed, which in this case study is of coordinate size By extrapolating on the ideas presented in this section, for a system subject to N parametric uncertainties, n analysis provides the largest hypercube of dimension Ncentered about the nominal point and of coordinate size / , 1 n within which system robust stability can be guaranteed (sumsurooah 2017, ferreres 1999) .
this section has shown, through application and illustrations, the robust stability domains as subsets of the wider stability domains in the multidimensional parametric space. the concept presented in this section has many practical implications. It offers the design engineer a parametric space within which to maneuver and choose optimum parameters while ensuring stability robustness. the n-based robust stability domains can be extended to more complex studies. the stability robustness of two dominant subdistribution systems in the MEa architecture, i.e., the pMMD system and the buck converter system, are assessed based on the n method in the ensuing sections.
PMMD System
the stability of a pMMD system, generally employed for an actuation system in an aircraft Eps, was studied in the laboratory (areerak et al. 2011, areerak et al. 2009 ). the circuit representation of the analyzed system is depicted by figure 11 (areerak et al. 2011, areerak et al. 2009 ). an ideal three-phase balanced voltage source was used in an experiment to represent the engine generator with the generator control unit, denoted as G and , GCU respectively, in figure 11 . the transmission line or ac bus from the power supply to the rectifier was modeled by a resistor-inductor circuit. a six-pulse uncontrolled rectifier was employed as a typical multiphase autotransformer-rectifier unit of a real on-board system. It provided dc power to the surfacemounted pM machine-based EMa through an Lc filter.
the EMa was a standard vector-controlled pM motor drive (areerak et al. 2011, areerak et al. 2009 ). sumsurooah et al. present the detailed modeling and robust stability analysis of the system. the aim of the study was to identify whether the system remains stable when the applied torque is allowed to vary within the uncertainty set [2 nm, 38 nm], (i.e., 20 ± 18 nm), where 20 nm is the mean value of the torque on the given uncertainty set (sumsurooah et al. 2016) . the system in figure 11 was analytically modeled to account for uncertainty in torque and system nonlinearities (sumsurooah et al. 2016) . n analysis was employed to predict boundary stability. from n analysis of the system model, the measure of robust stability n was found to be 2.31. the robust stability margin, calculated as . , 1 042 n = / corresponds to a critical destabilizing torque of 27.6 nm. Laboratory tests showed that the pMMD system becomes unstable when the torque is increased to 26.7 nm, which is in close agreement with the n prediction of 27.6 nm.
the analysis showed that the EMa system under study is not robustly stable, as indicated by n exceeding 1, i.e., it becomes unstable if operated within the defined uncertainty set (i.e., within 20 ! 18 nm). the robust stability margin of 0.42 represents the value by which the maximum range of uncertainty in torque must be scaled to ensure stability robustness, as depicted in figure 12 . this requires that the operation of the EMa system be limited within 20 ! 7.6 nm. therefore, from the prior discussion, it can be concluded that n provides a direct measure of stability robustness of an Eps, as it determines by how much uncertain parameters can be changed without causing a system to become unstable.
Buck Converter System
In practice, actual systems are continually subject to perturbations. these include, but are not limited to, variations in load, line resistance, and operating temperature. further, the nominal system model generally contains parametric model uncertainties. While uncertainties are a known occurrence in actual systems, the question is whether it is acceptable or even safe to neglect them during the design process. to answer this question, a series of studies was performed on the widely employed dc/dc buck converter system to gauge the impact of the uncertainties on the stability robustness of a system. the block diagram of the system under study is shown in figure 2 . the experimental buck converter system that was used in the study consisted of a u3825 pWM controller, a type III analogue compensator, and an Lc input filter. the buck converter, supplied from an ideal voltage source through a line cable, was set to regulate the output voltage to a resistive load. sumsurooah et al. present the detailed modeling and analysis of the system. seven case studies were performed using the n analysis tool, as given in table 1. the buck converter system has a conversion rate equal to its duty cycle, which has nonlinear dependence on the output resistive load. the nonlinearities in the duty cycle must be accounted for in the modeling of the analyzed system (sumsurooah et al. 2015) . further, the duty cycle, which has been obtained as an irrational term in the system model, must be approximated by polynomial expansion to suit n analysis. case studies 1.1-1.2 and 2.1-2.2 employed the first and zeroth order of approximation for the duty cycle, respectively. since case studies 3.1-3.3 investigated the impact of model uncertainties on stability robustness, they treated the duty cycle as an uncertain parameter about its nominal value. It is also added that the case studies 1.1, 1.2, 2.1, and 2.2 employed accurately measured nominal values for the system parameters, while case studies 3.1-3.3 were based on available rough estimates of the nominal values of the system parameters.
case study 1.1 investigated the robust stability of the buck converter system when it is exposed to a large variation in its resistive load, i.e., .
% . 2 5 50 ! X the n analysis determined that the analyzed system becomes unstable when the output power is increased to , 16 W based on a robust stability margin 1 n / of 0.696, as shown in table 1. the robust stability margin 1 n / of unity would mean that the system is guaranteed stable on the entire uncertainty set and for the output power up to . . 20 8 W the n predicted critical output power of 16 W was verified in experiment. In the laboratory, the electronic resistive load was decreased in small steps from a peak value of . 2 X at time . , s 0 453 when the resistive load was decreased to . 1 63 X (i.e., . 16 0 W ), the system reached boundary stability, as shown by the sustained oscillations in input voltage , Vin output voltage Vo and output current Io in figure 13 . the line resistance is not known accurately at the design stage but is dependent on the final assembly of the system components. case study 1.2 investigates the effect of the line resistance on robust stability margin, when both the load and the line resistance are uncertain. the line resistance is assumed to vary within % 50 ! of its nominal value of . , 0 3 X while the variation in the resistive load is as described in case study 1.1. from n analysis, it has been found that if both the uncertain load and line resistance are kept within 80.3% of their respective nominal values, the system under study can be ensured to be stable for an output power of up to .
. . 17 3 W temperature is one of the main factors that can introduce uncertainties in multiple system parameters. In case study 2.2, the buck converter system is considered to be working in an environment where temperature may vary between 40 -and 80 °c with a reference value of 20 °c. the temperature variation influences the values of the resistive components of the buck converter, such as the equivalent series resistance of the capacitors and inductors of the input and output filters, the line resistance, and the switch on resistance of the metal-oxidesemiconductor field-effect transistor (MosfEt). the load is assumed to vary, as in case 1.1. case study 2.2 was then repeated with the same condition as case 2.1 but with temperature being fixed at its nominal value. further to n analysis, the robust stability margin of the buck converter has been found to be 50.5% when uncertainties in temperature are included as shown in case study 2.1, as compared to 74.5% when uncertainties in temperature are not included in case study 2.2. the important difference in the robust stability margin in these two case studies emphasizes the necessity of incorporating operating temperature uncertainty for more reliable stability analysis of a system.
In practice, it is neither viable nor time efficient to create highly refined system models to represent actual systems. Hence, approximate system models, with a good tradeoff between accuracy and simplicity, are often used for design. the nominal values of their system components are generally based on known data such as nameplate information. case studies 3.1-3.3 aim to demonstrate how model uncertainties, which may be known to a different level of accuracy, can be incorporated in the robust stability analysis without compromising the reliability of the results. In addition, it examines the effect of model uncertainties on the robust stability margin. In case study 3.1, n analysis has predicted the critical output power of the considered buck converter to be .
15 0 W with a robust stability margin of 61.4% when model uncertainties are neglected and the model is assumed to be completely accurate. on the other hand, the critical output power has been determined as . 11 6 W in case study 3.2, when uncertainties are included, while its value increased to . 12 2 W when the given uncertainties are defined within a relatively narrower range in case study 3.3. With model uncertainties incorporated in the analysis, the robust stability margin is 0.210 and 0.288 for cases 3.2 and 3.3, respectively. although the results for cases 3.2 and 3.3 seem to be conservative in comparison to case 3.1, they are more reliable. this is because the analyses consider uncertainties of the system model, and therefore include worst-case scenarios.
the findings in these studies confirm that uncertainties have a significant impact on the stability robustness, and must be duly incorporated during design process, particularly for safety-critical applications.
Conclusions
pE is the enabling technology that is paving the way toward more sustainable aviation. there is a pressing need for design engineers to address the issues, such as power system stability, that could slow down the transition toward the MEa. In doing so, design engineers may need to think beyond classical techniques and adopt novel analysis tools that can provide more effective solutions to the current issues associated in the development of the future electric aircraft. this article has demonstrated the n-based ssV as one possible technique to analyze and ensure the stability robustness of the MEa electrical network.
